Two-photon uncaging of glutamate is widely utilized to characterize structural plasticity 26 in brain slice preparations in vitro. In this study, we investigated spine plasticity by 27 using, for the first time, glutamate uncaging in the neocortex of adult mice in vivo. 28 Spine enlargement was successfully induced in a smaller fraction of spines in the 29 neocortex (22%) than in young hippocampal slices (95%), even under a low magnesium 30 condition. Once induced, the time course and mean amplitudes of long-term 31 enlargement were the same (81%) as those in vitro. However, low-frequency (1-2 Hz) 32 glutamate uncaging caused spine shrinkage in a similar fraction (34%) of spines as in 33 vitro, but spread to the neighboring spines less frequently than in vitro. Thus, we found 34 that structural plasticity can occur similarly in the adult neocortex in vivo as in the 35 hippocampus in vitro, although it happens stringently in a smaller subset of spines. 36 37 283
Introduction
Most excitatory synapses in the brain form on dendritic spines. The volume of dendritic 40 spines is tightly correlated with the functional expression of glutamate receptors in the structural plasticity is unknown in the adult mouse neocortex in vivo. 61 We previously established a glutamate uncaging method in vivo in which a caged 62 glutamate compound is applied on the surface of the brain. This method allows the 63 compound to spread into the superficial extracellular space of the neocortex for free 64 diffusion (Noguchi et al., 2011) . We now extend our study to focus on the structural 65 plasticity of dendritic spines in vivo. Spine enlargement in vivo 71 Two-photon uncaging of the caged glutamate compound was applied to single spines of 72 tuft dendrites of layer 5/6 pyramidal neurons in the visual cortex of adult mice in vivo 73 (Noguchi et al., 2011) . We used the green fluorescent protein (GFP)-expressing M 74 mouse line or the yellow fluorescent protein (YFP)-expressing H mouse line in which a 75 subset of layer 5/6 pyramidal neurons was selectively labelled. Mice were anesthetized 76 with urethane and xylazine and placed under a microscope objective lens using an 77 imaging chamber that was firmly attached on the skull of the mouse ( Figure 1A) . To 78 activate NMDA receptors effectively, the recording chamber was superfused with 79 artificial cerebrospinal fluid containing no magnesium (Mg) ions. Caged glutamate was 80 thereafter superfused ( Figure 1A and Figure 1-figure supplement 1A) . Spine head 81 volume (VH) fluctuations before uncaging were quantified as coefficients of variation 82 (CVs) (Figure 1-figure supplement 1B) . The CV of in vivo neocortex spines (15% ± 83 16% [mean ± standard deviation (SD)]; 227 spines) was not larger than that of 84 hippocampal slices (21%) (Matsuzaki et al., 2004) , which ensured the stability of our 85 recording conditions. 86 Enlargement of the spines could be induced by two-photon glutamate uncaging 87 repeated 60 times at 1 Hz adjacent to the spine heads ( Figures 1B and 1C) . Volume 88 changes varied among individual spines; however, the averaged time course showed a 89 transient increment phase, followed by a stable plateau phase ( Figure 1D) . For spines 90 showing >30% enlargement, the peak enlargement (10-30 min) and sustained phase of 91 enlargement (>60 min) were 109% ± 24% (the mean ± the standard error of the mean: 92 16 spines/10 dendrites/10 mice) and 50% ± 12%, respectively. These values were 93 similar to those of CA1 pyramidal neurons in vitro (Matsuzaki et al., 2004) .
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Enlargement lasting more than 30 min occurred in 8 of 16 enlarged spines ( Figure 1E ) 95 and was confined to the stimulated spines ( Figures 1D and 1F) . 96 Enlargement was recorded only in a small fraction of spines (22% of 74 spines/20 97 dendrites/18 mice; Figure 1E ), compared with the fraction in the hippocampus in vitro 98 (approximately 95%) (Matsuzaki et al., 2004) . In spines without enlargement (DVH 99 <30%), the average enlargement was negligible (−0.6% ± 2.5%) ( Figure 1D ). The 100 stringency in spine enlargement was not because of technical reasons; the enlargement 101 was induced mostly in one spine (0-4 spines; average, 0.8 spine) among several spines
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(1-7 spines; average, 3.7 spines) that were simultaneously stimulated. This conclusion 103 was quantitatively supported by the fact that the amplitude of the enlargement of 104 stimulated spines was uncorrelated with the distance of the spine from a spine showing 105 significant enlargement ( Figure 1G ). In these studies, we selected small spines ( Figure   106 1-figure supplement 2A) in which enlargement could be induced in the most 107 pronounced manner. The enlargement was uncorrelated with spine neck length, depth, Spine shrinkage in vivo 111 We used a solution containing a physiological concentration (1 mM) of Mg 2+ to study 112 spine shrinkage (Noguchi et al., 2016) . Several spines on a dendrite were stimulated by 113 low-frequency two-photon glutamate uncaging (2.8 spines/dendrite, 1-2 Hz, 5-15 min) 114 ( Figure 2A) . Stimulated spines showed a large volume reduction (Figures 2A and 2B, 115 spine "S1"). The spine volume gradually reduced in vitro (Hayama et al., 2013; 116 Noguchi et al., 2016) ( Figure 2C ). We found that 34% of the stimulated spines had 117 shrunk (−ΔVH >30%, 15 of 44 spines/18 dendrites/8 mice) and that the mean amplitude 118 at 20-50 min was 19% ± 4% (n = 44), which was similar to the findings of the young 119 hippocampus in vitro (23% ± 7%, n = 8) (Noguchi et al., 2011) . The shrinkage was 120 long-lived (>80 min) in most (73%) spines ( Figure 2D) . Shrinkage was absent when we 121 added the NMDA receptor antagonist APV in the perfusion solution ( Figure 2C ; Figure   122 2-figure supplement 1A). 123 Spine shrinkage spread to neighboring spines, which also occurred in hippocampal 124 slice culture samples (Hayama et al., 2013; Noguchi et al., 2016) . We calculated the 125 average spine volume of the stimulated spines and the neighboring spines at 20-50 min 126 from the onset of stimulation ( Figure 2E ). We found that the diffusion of spine 127 shrinkage was only significant in spines next to the stimulated spines (<3 µm). Only 128 12% of spines within 3 µm of a stimulated spine showed shrinkage (−ΔVStimulated >30%; 
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We found that the prestimulation spine volume showed a weak but insignificant We found that two-photon uncaging could induce prominent plasticity of spine 145 structures in the adult neocortex in vivo that was similar to that of the hippocampus in 146 vitro. The major difference was the low success rate of spine enlargement in vivo (22% 147 vs. 95% in vitro), which was not caused by technical factors ( Figure 1G ). The success 148 rate in inducing shrinkage was similar to that of the hippocampus, albeit its spread in 149 the neocortex was limited. It remains to be clarified why enlargement is restricted in the 150 neocortex, and whether it may occur after repeated reactivation in vivo. In summary, 151 spine structural plasticity occurs in a stringent manner in the neocortex in vivo, which 152 may provide a cellular basis for slow learning in the cortex (Lisman et al., 2001) . Franklin, 2001). The plate was then tightly fixed to the metal platform. We then 172 removed the skull using a pair of forceps and a dental drill, which was fixed to a 173 stereotaxic instrument (Narishige, Tokyo, Japan). The dura mater was carefully 174 removed using fine forceps and a microhook to minimize any pressure applied to the 175 brain surface. We then placed a semicircular glass coverslip to cover approximately 176 one-half of the exposed brain surface ( Figure 1A) . The coverslip was fixed using dental 177 acrylic (Fuji-Lute BC; GC Corp., Tokyo, Japan) or a stainless wire. The mice were supplied with humidified oxygen gas and warmed to 37°C with a heating pad (FST-179 HPS; Fine Science Tools Inc., North Vancouver, Canada).
181
Two-photon in vivo imaging and uncaging 182 In vivo two-photon imaging and uncaging were conducted using an upright microscope 183 (BX61WI; Olympus, Tokyo, Japan) equipped with a FV1000 laser scanning microscope 184 system (Olympus) and a water-immersion objective lens (LUMPlanFI/IR 60× with a 185 numerical aperture of 0.9; Olympus). The system included two mode-locked 186 femtosecond-pulse titanium-sapphire lasers (MaiTai; Spectra Physics, Mountain View, 187 CA, USA). The laser was set at 720 nm and used for uncaging (Matsuzaki et al., 2001) . were roughly elicited at this laser power; however, in this experiment we did not fine-211 tune the power along the cortical depth (Noguchi et al., 2011) . For each experiment, 2-8 212 spines (average, 4.6 spines) were stimulated along a dendrite. We studied 52 spines/15 213 dendrites/14 mice with MNI-glutamate, and 22 spines/5 dendrites/4 mice with CDNI-214 glutamate. The success rate of enlargement was 25% and 13%, respectively. The 215 solution was pooled in a small reservoir (2 mL) ( Figure 1A) . We constantly added pure 216 water (after determining its flow rate empirically) to the reservoir to maintain the 217 osmotic pressure of the solution at approximately 320 mOsm/kg. The solution was 218 warmed at 37°C on the chamber by using circulating hot water ( Figure 1A) . All 219 physiological experiments were conducted at 37°C. MNI-glutamate or 10 mM CDNI-glutamate). We studied 39 spines/16 dendrites/7 mice 226 with MNI-glutamate, and 5 spines/2 dendrites/1 mice with CDNI-glutamate. The 227 success rate of shrinkage was 36% and 25%, respectively. Repetitive stimulation was 228 conducted at 1-2 Hz for 5-15 min with laser powers similar to those used for 229 enlargement (~10 mW). As a control, the stimulation was also conducted in the presence 230 of 50 mM D-2-amino-5-phosphonovaleric acid (APV), which is an NMDA receptor 231 antagonist with MNI-glutamate. spine volume fluctuations, we calculated the CV of the in vivo images before glutamate 248 uncaging (14.7% ± 16.1% for 227 spines in the enlargement condition and 12.5% ± 249 7.9% for 196 spines in the shrinkage condition). We set the limit values of the 250 fluctuation of the baseline as 2 CV (i.e., 30% for the enlargement data; 25% for the 251 shrinkage data) and discarded the data when the fluctuation exceeded the limit value.
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Stimulated spines and neighboring spines with a prestimulation fluctuation over this 253 limit (i.e., unstable spines) were discarded, as were the neighbors of the unstable 254 stimulated spines. For the spine volume analysis, the average spine volume during 10-255 30 min (i.e., enlargement) or 20-50 min (i.e., shrinkage) after the onset of the 256 stimulation was calculated and are indicated as the difference from the baseline volume. Wilcoxon signed-rank test ( Figure 1F; Figure 2E; and Figure 2-figure supplement 1A) . 276 Differences between groups were analyzed using the Mann-Whitney rank sum test 277 (Figure 2-figure supplement 1B) . The Pearson's product-moment correlation coefficient 278 was calculated for the scatter plots ( Figure 1G; Figure 1-figure supplement 2A-D; and 279 Figure 2-figure supplement 2A-2D) . The significance of a correlation coefficient was is unaltered by the low Mg 2+ solution. We thus set the threshold at 30% (i.e., 2 CV) for 348 enlargement and for shrinkage. shrinkage. We stimulated, on average, 2.8 spines in a dendrite using the method used for 362 the enlargement experiments. However, the perfusion solution contained 1 mM 363 magnesium (Mg 2+ ). Spines (S1, red arrowheads) stimulated with low-frequency two- antagonist APV (blue diamonds). Forty-four spines were not exposed to APV and 12 371 spines were exposed to APV. Average time courses of the neighbors located <3 µm 372 (black circle) or 3-10 µm (gray circle) from the stimulated spines are also plotted (58 373 spines for <3 µm and 64 spines for 3-10 µm). (D) The ratio of the shrinkage in the 374 volume head (−ΔVH) >30% in the stimulated spines and the longevity of the shrinkage.
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The left stacked bar chart presents the ratio of shrunken spines to the remaining spines 376 of all (16) dendrites. The right chart presents the distribution of the shrinkage duration. 
